Resveratrol (3,5,4-trihydroxy-trans-stilbene) is a natural product occurring in grapes and various other plants with medicinal properties. The phenolic antioxidant has been identified as a potential cancer chemopreventative agent and its presence in red wine has been suggested to be linked to the low incidence of heart disease in some regions of France. Recently, however, resveratrol was reported to promote DNA fragmentation in the presence of copper ions (K. Fukuhara and N. Miyata, 1998, Bioorg. Med. Chem. Lett. 8, 3187-3192), prompting us to investigate this phenomenon in mechanistic detail. By acting as a reducing agent, resveratrol was found to promote hydroxyl-radical (
There now exists a large body of evidence suggesting that a high dietary intake of antioxidants can confer protection against certain human diseases, including cardiovascular disease, cancer, and degenerative neurological disorders (1) (2) (3) (4) . This has provided a considerable impetus to the identification and characterization of novel, plant-derived antioxidants present in the diet and to the investigation of their effects on health. Particular interest has been focused on polyphenolic compounds, such as the flavonoids, catechins, gallic acid derivatives, and trihydroxystilbenes (5) (6) (7) (8) (9) (10) . In a manner exemplified by ␣-tocopherol (vitamin E), phenolic antioxidants can quench highly reactive free radicals via their (overall) donation of a hydrogen atom (7, 10) . The consequence of this "chemical repair" process is the generation of a phenoxyl radical, as shown in Reactions [1] and [2] following the repair of a peroxyl radical by the polyphenol Ph(OH) n OH.
Due to resonance stabilization, phenoxyl radicals are less reactive than many other radicals, and therefore the interception of free radicals by phenolic compounds generally results in the suppression of potentially harmful, self-propagating chain reactions, such as lipid peroxidation (7) . In a biological membrane, peroxyl radical-scavenging by polyphenolic compounds would spare ␣-tocopherol; and indeed regeneration of ␣-tocopherol through chemical repair of the ␣-tocopheroxyl radical may also enhance protection (11) . It should be kept in mind that polyphenolic compounds may also suppress biological free-radical reactions via their chelation of catalytic metal ions, notably iron and copper (12, 13) , and can influence biological systems through mechanisms not involving free radicals (14, 15) .
Although the antioxidant properties of polyphenolic compounds have been reported widely, many studies have also revealed potentially harmful, prooxidant properties (16 -22) . Quercetin, for example, is a mutagen (23) (24) (25) . The prooxidant properties of polyphenolics probably result from their ease of oxidation, particularly in the presence of metal ions, resulting in the reduction of oxygen to the highly reactive hydroxyl radical,
• OH (see Reactions [3] to [6] for catalysis by Cu). The catalysis of • OH generation has been suggested to be responsible for the ability of kaempferol to promote DNA fragmentation and lipid peroxidation in isolated rat-liver nuclei (20) . Similar reactions are believed to account for the ability of quercetin to induce the fragmentation of isolated DNA and proteins (19) . Clearly, the relative importance of the prooxidant and antioxidant properties of polyphenolic compounds, which are widely available as food supplements, must be addressed under biologically relevant conditions before any conclusions can be drawn regarding their possible impact on human health.
In the present investigation, we have examined the effects of the polyphenolic compound resveratrol (3,5,4Ј-trihydroxy-trans-stilbene) on copper-dependent DNA damage. Resveratrol is of particular interest because, of hundreds of plant extracts examined, it has been identified as a potential cancer chemopreventive agent: as well as being an antimutagen, it also inhibits events associated with tumor promotion and progression (6) . Furthermore, resveratrol has been suggested to be linked to the apparent inverse relationship between red wine consumption and the incidence of heart disease, the so-called French Paradox (26) . However, a recent study by Fukuhara and Miyata demonstrated that resveratrol enhances the ability of copper ions to cleave DNA (22) . In view of the suggestion by Jang and colleagues that resveratrol merits further investigation for use as a cancer chemopreventative agent (6) , and because the compound is now available as a health food supplement, we considered it timely to examine in greater depth the reported DNA-damaging properties of resveratrol in the presence of copper ions.
MATERIALS AND METHODS
Reagents. Resveratrol was kindly provided by Pharmascience Inc (Montreal, Quebec). All other reagents, which were of analytical grade, were purchased from Sigma Chemical Co. (Poole, Dorset, UK). A concentrated stock solution containing 0.1 M Mops 2 buffer (pH 7.0) was prepared using Millipore-filtered deionized water and treated with chelating resin (Chelex 100) using the batch method (27) . Other stock solutions were also prepared using Millipore-filtered deionized water treated with chelating resin. A concentrated stock solution of DNA (from salmon testes, sodium salt) was prepared using Millipore-filtered deionized water and treated overnight with chelating resin using the batch method. Stock solutions of ascorbic acid and glutathione were prepared on the day of use using the 0.1 M Mops buffer, which was diluted to 50 mM during adjustment to pH 7.0. The spin trap 5,5-dimethyl-1-pyrroline N-oxide (DMPO) was purified by vacuum distillation (Kugelrohr) and stored under nitrogen at Ϫ80°p rior to use. Determination of oxidative damage to DNA. DNA damage was determined using the ethidium-binding assay, in which DNA damage is indicated by the failure of the nucleic acid to enhance the fluorescence of ethidium bromide. Reactions were performed at room temperature in disposable, open test tubes (2 ml final vol), containing the reagents indicated in the appropriate figure and table legends. The assay was performed as described previously (28, 29) using a Perkin-Elmer LS 50 B fluorescence spectrometer, with the minor modification of terminating reactions using 10 l 0.1 M EDTA plus 5 l 80,000 units ml Ϫ1 catalase.
EPR spin-trapping studies. Spin-trapping studies were performed using the spin-traps DMPO and N-tert-butyl-␣-phenyl nitrone (PBN). The composition of each reaction mixture is given in the appropriate figure legend. All reactions (0.5 ml final vol) were prepared in microcentrifuge tubes and, unless indicated otherwise, were transferred immediately to a quartz flat cell for analysis. Electron paramagnetic resonance (EPR) spectra were recorded using a Bruker EMX spectrometer (X band), equipped with a 4103 TM cavity (Bruker Spectrospin Ltd, Coventry, UK) and using the following instrument settings: modulation frequency, 100 kHz; sweep width, 60 Gauss; microwave frequency, 9.795 GHz; microwave power, 20 mW; modulation amplitude, 0.5 G; time constant, 10.24 ms; sweep time 42 s; number of scans accumulated, 4; and an appropriate receiver gain. Hyperfine coupling constants were determined from spectral simulations performed using programs that are available through the Internet (http://epr.niehs.nih.gov/) and have been described elsewhere (30) .
Colorimetric determination of Cu(I). Cu(II) reduction by glutathione and resveratrol was determined colorimetrically using the Cu(I)-stabilizing reagent bathocuproine disulfonic acid. DNA (100 g ml Ϫ1 ), 2 mM glutathione, and 50 M CuCl 2 were mixed in the presence of 0.5 mM bathocuproine disulfonic acid and the absorption 2 Abbreviations used: Mops, 4-morpholinepropanesulfonic acid; DMPO, 5,5-dimethyl-1-pyrroline-N-oxide; PBN, N-tert-butyl-␣-phenyl nitrone; DMSO, dimethyl sulfoxide; GSH, glutathione; BC, bathocuproine disulfonic acid; GR, glutathione reductase; GSSH, glutathione disulfide; HRP, horseradish peroxidase.
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BURKITT AND DUNCAN at 480 nm was read after incubation for 5 min at room temperature. Tubes were read against appropriate blank incubations from which CuCl 2 had been omitted. When indicated, 0.1 mM resveratrol was also present or used in place of glutathione. All incubations contained 1% DMSO (v/v). The concentration of Cu(I) was calculated using the extinction coefficient of its complex with bathocuproine disulfonic acid (⑀ 480 nm ϭ 13500 M Ϫ1 cm Ϫ1 ).
Monitoring glutathione disulfide formation. This was achieved enzymatically by coupling glutathione disulfide formation to the oxidation of NADPH using glutathione reductase. NADPH oxidation was monitored against time by recording the decrease in absorption at 340 nm using a Diode Array spectrophotometer (Hewlett Packard, Model 8452 A). Reaction conditions are given in the legend to Fig. 7 .
EPR spectroscopy of Cu(II). Reaction mixtures (0.5 ml final vol), containing the reagents detailed in the legends to Fig. 6 and 8, were prepared in microcentrifuge tubes and then transferred to 2.5-mminternal-diameter quartz EPR tubes (Wilmad Glass Co., Inc, NJ). Samples were frozen, either immediately (Fig. 6) or after incubation at room temperature (Fig. 8) , by placement of the tubes initially for 10 s in a dry-ice/ethanol mixture, followed by placement in liquid nitrogen. EPR spectra were recorded at 77 K using a finger dewar (Wilmad Glass Co., Inc). The instrument settings were modulation frequency, 100 kHz; sweep width, 1200 G; microwave frequency, 9.282 GHz; microwave power, 10 mW; modulation amplitude, 7.81 G; time constant, 20.48 ms; sweep time 84 s; number of scans accumulated, 4; and an appropriate receiver gain. To obtain g values, a small sealed capillary tube containing a dilute solution of diphenylpicrylhydrazyl ( g ϭ 2.0036) was inserted into the sample solution before freezing. Cu(II) concentrations were estimated by double integration and comparison with a Cu(II)-EDTA standard containing 6 mM ethylenediaminetetraacetic acid (disodium salt), 0.3 mM CuCl 2 , and 0.6 mg ml Ϫ1 DNA in 25 mM Mops buffer, pH 7.0. Spectra were corrected for cavity contaminant signals by subtraction of the spectrum of a background solution containing 6% (v/v) DMSO and 0.6 mg ml Ϫ1 DNA in 25 mM Mops buffer, pH 7.0. Additional experiments were performed involving Cu(II) reduction by glutathione in the presence of glutathione disulfide (see text).
RESULTS
Incubation of DNA with Cu(II) ions and resveratrol resulted in the induction of very modest levels of oxidative damage, as indicated by a decrease in the ability of the nucleic acid to enhance the fluorescence of ethidium bromide. This was not observed when resveratrol was omitted from incubations ( Fig. 1) . This finding is consistent with the report of Fukuhara and Miyata, who found that resveratrol enhances the ability of Cu(II) ions to cleave plasmid DNA (22) . These authors reported a 90% inhibition of DNA fragmentation by catalase, indicating a requirement for hydrogen peroxide. Under these conditions, it is believed that the H 2 O 2 necessary for cleavage is generated via the reduction of oxygen by Cu(I) (Reactions [4] and [5] ). When H 2 O 2 was added to the incubations containing Cu(II) and resveratrol, DNA oxidation was enhanced markedly, but the omission of resveratrol had little effect on the level of damage induction (Fig. 1) .
The addition of Cu(II) to resveratrol in the presence of the spin-trap DMPO resulted in the detection of an EPR signal from the DMPO hydroxyl radical-adduct, trapped carbon-centered radical, probably the ␣-hydroxyethyl radical-adduct of DMPO, DMPO/
• CH(OH)CH 3 , derived from the small amount of ethanol included in the incubation. On the basis of their finding that the DMPO/
• OH signal was insensitive to the presence of either 0.2 M DMSO or 0.5 M mannitol, both of which scavenge hydroxyl radicals, Fukuhara and Miyata suggested that the DMPO/
• OH adduct did not result from the reaction of free
• OH radicals with DMPO (22) . The inclusion of catalase in the incubation system had no effect on the EPR spectrum obtained (Fig. 2B) , indicating that H 2 O 2 is not required for generation of DMPO/
• OH. It is now established that Cu(II) can catalyze the nucleophilic addition of water to DMPO, resulting in formation of the DMPO/
• OH adduct. The observation that catalase had no effect on the intensity of the DMPO/
• OH adduct generated in the presence of Cu(II) and resveratrol suggests that it was generated by this route. In order to validate this hypothesis, the reaction was performed in the presence of 40% ethanol. As shown in Fig. 2C , this resulted in the detection of an additional EPR signal, attributed to the DMPO/
• OCH 2 CH 3 adduct on the basis of its hyperfine coupling constants (see Fig. 2 ) (31, 32) . Unlike DMPO/
• CH(OH)CH 3 , which is generated following the oxidation of ethanol by
• OH, the DMPO/
• OCH 2 CH 3 adduct is generated by the Cu(II)-catalyzed nucleophilic addition of the alcohol (in competition with H 2 O) to the spin trap via its lone pair electrons on the oxygen atom (31, 32) . Only a very weak contribution from a six-line signal, which may be from DMPO/
• CH(OH)CH 3 , was present, remaining unchanged upon increasing the ethanol concentration from 5 to 40%.
It is obvious that the radical adducts observed using DMPO as a spin trap in this system are spin-trapping artifacts and therefore provide no insight into the identity of the oxidant(s) responsible for DNA damage. In order to overcome this problem, further experiments were performed using a secondary spin-trapping system, consisting of DMSO and the spin trap PBN. The • OH radical can react directly with PBN, but the adduct formed is short lived. However, in the presence of excess DMSO,
• OH radicals are converted into methyl radicals (
• CH 3 ), which form a relatively stable adduct with PBN, thereby providing a convenient method for the detection of
• OH (29, 33) . When DMSO and PBN were included in incubations containing DNA, Cu(II), and resveratrol, only very weak background signals, together with a degradation product of the spin trap (di-tert-butyl nitroxide) were observed (data not shown), reflecting the very low levels of DNA damage observed under such conditions (Fig. 1) . However, when H 2 O 2 was included, a spectrum consisting of signals from two species was observed: a weak signal from the PBN methyl radical-adduct (PBN/
• CH 3 ) and a stronger signal from the PBN methoxyl radical-adduct (PBN/
• OCH 3 ) (Fig. 3) . The latter species is generated via the reaction of oxygen with methyl radicals before their reaction with the spin trap (33) . This finding is good evidence for the generation
• OH. When resveratrol was included, the intensity of both signals increased almost threefold, demonstrating that the phenolic can enhance
• OH generation by Cu(II) ions in the presence of DNA (Fig. 3B) .
We postulated that because the above prooxidant activity of resveratrol results from its ability to reduce Cu(II) ions (see Reactions [3] to [6] ), the effects of the compound on
• OH formation and DNA damage should also be examined in the presence of typical cellular reducing agents. Indeed, it is already well established that ascorbic acid, glutathione (GSH) and NAD(P)H can promote DNA oxidative damage in the presence of copper ions (28, 34, 35) . When DNA was incubated in the presence of Cu(II), H 2 O 2 , and ascorbic acid, extensive DNA damage occurred (Fig. 4) . The inclusion of 0.1 mM resveratrol resulted in a marked decrease in the rate of DNA oxidation: in the absence of resveratrol the DNA totally lost its ability to enhance the fluorescence of ethidium bromide after approximately 30 min, whereas this was delayed to 60 min in the presence of the phenolic (Fig. 4) . In parallel spin-trapping experiments, incubation of DNA with Cu(II), hydrogen peroxide and ascorbic acid resulted in the detection of a strong signal from the PBN/
• CH 3 radical adduct (Fig.  5A) . However, the EPR spectrum was unaffected by the presence of 0.1 mM resveratrol (Fig. 5AЈ) 
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BURKITT AND DUNCAN protection afforded the nucleic acid (Fig. 4) . Only at very high (millimolar) concentrations was resveratrol found to suppress formation of the PBN/
• CH 3 adduct (not shown).
When DNA was incubated with Cu(II) and GSH, in either the absence or the presence of resveratrol, no DNA damage occurred, as judged by ethidium bromide fluorescence (data not shown). When H 2 O 2 was included, very modest levels of DNA damage occurred (Table I) . In contrast to the experiments employing ascorbic acid as the reductant, 0.1 mM resveratrol had no effect on the level of DNA damage induction (Table I). However, and contrasting further with the experiments using ascorbic acid, 0.1 mM resveratrol was found to suppress
• OH formation (by about 50%) in the corresponding spin-trapping experiment (Figs. 5B and BЈ). Resveratrol had no effect on the intensity of the PBN/
• CH 3 signal when added at the end of the incubation, thereby excluding the possibility that this effect is due its reduction of the radical adduct to a hydroxylamine (not shown).
The finding that resveratrol inhibited Cu-dependent DNA damage in the ascorbate system, but had no effect on the level of the PBN/
• CH 3 adduct detected by EPR spectroscopy (unless present at far greater concentration), suggests the operation of competitive radical scavenging. In the incubations assessed for DNA damage, resveratrol is suggested to offer the DNA partial protection by scavenging
• OH. In contrast, in the spintrapping incubations, resveratrol must compete with DMSO (and PBN) for reaction with
• OH to cause any suppression of the EPR signals. Since DMSO, present at a concentration of 2 M, reacts with
• OH with a rate constant of 7 ϫ 10 9 M Ϫ1 s Ϫ1 (36), it is certainly not surprising that the inclusion of 0.1 mM resveratrol had no effect on the intensity of the PBN/
• CH 3 signal. Using the same argument, it is reasonable to conclude that the approximate 50% inhibition of radical-adduct formation by 0.1 mM resveratrol in the experiments employing GSH cannot be due to
• OH scavenging. Therefore, at this stage, our working hypothesis was that resveratrol must suppress radical-adduct forma- Note. DNA (25 g ml Ϫ1 ) was incubated at room temperature with 2 mM glutathione, 2 mM H 2 O 2 , and 10 M CuCl 2 , in both the presence and the absence of 0.1 mM resveratrol, in 25 mM Mops buffer, pH 7.0, for the times indicated. All reactions contained 1% (v/v) DMSO and were of final volume 2 ml. Reactions were terminated by the addition of 10 l 0.1 M EDTA plus 5 l 80,000 units ml Only about 10% of the Cu(II) underwent reduction in the absence of GSH, but the replacement of GSH with resveratrol also resulted in a 100% yield of Cu(I). The addition of resveratrol to the GSH system had no effect on Cu(II) reduction (not shown). Time-course experiments indicated that Cu(II) reduction was complete within the first minute of incubation, irrespective of the presence of resveratrol (not shown). Since BC stabilizes Cu(I), it can be argued that its presence favors Cu(II) reduction when used to assay Cu(I) (37) . Therefore, Cu(II) reduction was also examined directly using EPR spectroscopy. Unlike Cu(I), Cu(II) is paramagnetic and therefore detectable by EPR. When Cu(II) was added to DNA, an EPR signal from Cu(II) was detected at 77 K [ g ʈ ϭ 2.29, a(Cu) ʈ ϭ 157 G], which is assigned to the DNA-bound metal ion (Fig. 6A) . When GSH was present, no EPR signal was seen, reflecting the reduction of Cu(II) to Cu(I) and its stabilization as Cu(I) by excess thiol (Fig. 6B) . In contrast, when resveratrol was present instead of GSH, the Cu(II) signal remained (data not shown). Rather than indicating that resveratrol cannot reduce Cu(II) (and contradicting the finding from the BC assay), this is believed to reflect the absence of a chelating agent (e.g., GSH or BC) that can stabilize the reduced metal ion: Cu(I) is unstable in aqueous solution and, therefore, in the absence of a suitable chelating agent, will undergo rapid oxidation or disproportionation (38) . When both GSH and resveratrol were present, the Cu(II) signal was not seen, reflecting, again, the stabilization of Cu(I) by the thiol (not shown). These observations suggest that Cu(II) undergoes facile reduction in the presence GSH and resveratrol.
When Cu(II) was added to GSH in the presence of DNA, glutathione reductase (GR) and NADPH, the absorption at 340 nm decreased, indicating NADPH oxidation (Fig. 7A) . This NADPH oxidation reflects the reduction of glutathione disulfide (GSSG) to GSH, catalyzed by GR. The GSSG is formed via the reduction of Cu(II) to Cu(I) by GSH. Although Cu(II) can oxidize NADPH directly, it has been shown previously that this reaction is of negligible importance in the presence of GSH (39) . Thus, GR serves to couple GSH oxidation to the oxidation of NADPH. When resveratrol was included, almost no NADPH oxidation was observed, suggesting its prevention of GSH oxidation by Cu(II) (Fig. 7A) . A much higher rate of NADPH oxidation occurred when H 2 O 2 was present, but this was inhibited by some 50% in the presence of resveratrol (Fig.  7B) . Since the EPR measurements confirmed that 
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BURKITT AND DUNCAN Cu(II) undergoes reduction in the presence of GSH and resveratrol, the finding that resveratrol prevents GSH oxidation by Cu(II) must mean that the phenolic is acting as the preferred reductant for Cu(II).
When Cu(II) was added to DNA in the presence of GSH and H 2 O 2 , a highly distinctive EPR signal from Cu(II) was seen after freezing to 77 K [ g ʈ ϭ 2.25, a(Cu) ʈ ϭ 175 G]. The intensity of this signal increased upon incubation at room temperature prior to freezing, reaching a maximum after about 2.5 min (Fig. 8A) . This signal is characteristic of the spectrum of Cu(II) complexed by GSSG (40, 41) . Indeed, an identical spectrum was observed following the addition of Cu(II) to GSSG (data not shown). This Cu(II) signal was also observed when resveratrol was present (Fig. 8B ), but its appearance was delayed compared with the system without resveratrol: whereas essentially all of the Cu(II) added appeared as the GSSG complex after 2.5 min in the absence of resveratrol, it took approximately 15 min for all of the added Cu(II) to form this complex in the presence of resveratrol. The finding that resveratrol delayed the appearance of the Cu(II)-GSSG signal further supports the conclusion that the phenolic protects GSH from oxidation.
Additional experiments were performed to investigate the ability of GSH to reduce Cu(II) in the presence of increasing proportions of GSSG. As described earlier (Fig. 6) , no Cu(II) EPR signal was detected following the addition of 12 mM GSH to 0.3 mM Cu(II) in the presence of DNA (but not H 2 O 2 ), indicating Cu(II) reduction and its stabilization as Cu(I) by GSH. The replacement of GSH with GSH:GSSG mixtures at ratios of 1:1, 1:3, and 1:9 (total concentration, 12 mM) was without effect (data not shown). An extremely weak signal from GSSG-Cu(II) was seen following the addition of 0.6 mM GSH to 0.3 mM Cu(II) in the presence of DNA (not shown), suggesting that a minimum of 2 equiv of thiol are required to generate and stabilize Cu(I). However, a GSSG-Cu(II) signal, corresponding to approximately 10% of the total Cu present, was detected following the addition of 0.6 mM GSH to 0.3 mM Cu(II) in the presence of 11.4 mM GSSG (not shown). These findings indicate that GSH, providing its concentration is more than twice that of Cu(II), can generate and stabilize Cu(I) in the presence of excess GSSG.
Glutathione disulfide may be formed from GSH via the combination of two glutathionyl radicals (GS • ), generated following the one-electron oxidation of the thiol. Alternatively, in the presence of excess GSH, GSSG can be formed via the addition of a glutathionyl radical to the thiolate anion of glutathione (GS Ϫ ), forming the highly reducing glutathione disulfide radical anion (GSSG •Ϫ ), which would undergo rapid oxidation to GSSG (42) . When Cu(II) was added to DNA, GSH and H 2 O 2 in the presence of DMPO, a signal from the DMPO glutathionyl radical adduct (DMPO/
• SG) was detected (a N ϭ 15.16 G, a ␤ H ϭ 15.74 G), indicating GSH oxidation to GS
• (Fig. 9A ) (the weaker, six-line signal in this spectrum is from a trapped carbon-centered radical, probably the methyl radical, formed upon DMSO oxidation by
• OH). The DMPO/ • SG adduct was not detected when H 2 O 2 was omitted, being replaced by a very weak signal from DMPO/
• OH (Fig. 9B) , which has been shown to be formed as an artifact (see above and Fig. 2) . The DMPO/
• SG adduct was also observed when resveratrol was included in the H 2 O 2 -containing system, but the signal intensity was reduced by approximately 30% (Fig. 9C) ; again, generation of DMPO/ • SG was H 2 O 2 dependent (Fig. 9D) .
The finding that DMPO/ • SG was generated only when H 2 O 2 was present suggests that GSH is oxidised to GS
• by • OH. In addition to its reaction with GSH, • OH could also react with resveratrol, forming the resveratrol phenoxyl radical, Res(OH) 2 O
• . Some phenoxyl radicals have been shown to oxidize GSH to GS
• , which may provide an additional route to GS
• (43) (44) (45) . In order to explore this possibility, the resveratrol phenoxyl radical was generated directly in high yield using horseradish peroxidase (HRP) and H 2 O 2 . When HRP and H 2 O 2 were added to resveratrol in the presence of GSH and the spin-trap DMPO, a prominent signal Incubations were performed at room temperature. At the times indicated, solutions were frozen and spectra were recorded at 77 K. The Cu(II) concentrations given in parentheses below each spectrum were determined by comparison of the doubly integrated spectra with that of a Cu(II)-EDTA standard. The vertical bar marks the center of the DPPH spectrum ( g ϭ 2.0036) relative to the spectra in column A.
from the DMPO/
• SG adduct was observed (a N ϭ 15.13 G, a ␤ H ϭ 16.18 G) (Fig. 10A) . The intensity of this signal was approximately sevenfold less when resveratrol was omitted from the reaction (Fig. 10B) . These observations indicate that GSH can be oxidized to GS
• by the resveratrol phenoxyl radical (the weaker signal observed in the absence of resveratrol reflects the direct oxidation of the thiol by HRP-H 2 O 2 ).
DISCUSSION
Consistent with the findings of Fukuhara and Miyata, resveratrol was found to enhance DNA damage when added to a simple solution of the nucleic acid and Cu(II) ions. The identity of the oxidant(s) responsible for the promotion of DNA damage in Cu(I)/H 2 O 2 -generating systems is a matter of some contention in the literature (32) . Some authors suggest that hydroxyl radicals (
• OH) are involved (46 -50) , whereas others favor the formation of copper-peroxide complexes (22, 35, (51) (52) (53) or Cu(III) species (54 -56) .
The proponents of a major role for oxidants other than
• OH often refer to the site specificity of Cu-dependent DNA oxidation. However, because the binding of copper ions to DNA is site specific, it is reasonable to expect DNA damage also to be site specific, which has been demonstrated experimentally (47) . When Aruoma and colleagues analyzed the damaged-base products formed in DNA by Cu(II), ascorbic acid, and H 2 O 2 , they found the pattern of products to be similar to that induced by
• OH radicals formed via the radiolysis of water, commenting that no other reactive oxygen species or metal ion-oxygen complex so far studied can generate this range of products from the DNA bases (48) . This would not be the case had DNA damage been induced by a less reactive, more selective oxidant.
Although we have shown that the DMPO/ • OH adduct is not a reliable indicator of
• OH formation from Cu(II)/resveratrol mixtures, our secondary spin-trapping experiments do confirm that resveratrol promotes Cu-dependent
• OH formation. The finding that resveratrol increased radical-adduct formation approximately threefold (Fig. 3 ), but did not cause an increase in DNA damage (Fig. 1) , is suggested to reflect radical scavenging by the phenolic.
When resveratrol was included in a biomimetic DNA-damaging system consisting of Cu(II), H 2 O 2 , and ascorbic acid, protection of the nucleic acid was seen (Fig. 4) , which is believed to be due to
• OH scavenging by resveratrol. This proposal is consistent with the finding that resveratrol did not have any effect on the level of radical-adduct (primarily PBN/
• CH 3 ) generated when included in the parallel spin-trapping experiment: the
• OH radical reacts with DMSO with a rate constant of 7 ϫ 10 9 M Ϫ1 s Ϫ1 (36), forming • CH 3 , which is detected by spin trapping with PBN; resveratrol, at the concentration used here (0.1 mM), simply cannot compete with 2 M DMSO for reaction with
• OH. 
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In the DNA oxidation experiment, resveratrol must compete with the nucleic acid for reaction with
• OH if it is to provide protection. From a purely kinetic point of view, it is perhaps not unexpected that resveratrol, at a concentration of 0.1 mM, was found to offer the DNA (25 g/ml, corresponding to ϳ60 M nucleotide) some protection from
• OH (Fig. 4) . In contrast to the Cu(II)-H 2 O 2 -ascorbate system, • OH generation by the Cu(II)-H 2 O 2 -GSH system was suppressed markedly by resveratrol. For the kinetic reasons given above, the lower signal intensities of the PBN/
• CH 3 and PBN/ • OCH 3 adducts seen in the presence of resveratrol in the GSH system cannot be due to • OH scavenging. Instead, it has to be concluded that the phenolic suppresses the rate of
• OH formation. In principle, the rate of
• OH formation could be suppressed by the inhibition of either (i) the initial reduction of Cu(II) to Cu(I) or (ii) the subsequent reaction of Cu(I) with H 2 O 2 . It is clear from the low-temperature EPR studies (Fig. 6 ) and the Cu(I) measurements made using BC that Cu(II) undergoes facile reduction in the presence of both GSH and resveratrol, thereby ruling out (i). Indeed, the GSSG measurements revealed that the phenolic is the preferred reductant for Cu(II).
The reduction of Cu(II) by GSH is believed to proceed without the formation of thiol radicals (57, 58) . Gilbert and colleagues have proposed that one equivalent of the thiol is used to stabilize the Cu(I) formed, even when the metal is bound to DNA (Reaction [7] ), and suggested that GSSG, a product of the reaction, will remove Cu(II) from DNA (Reaction [8] ) (59, 60) .
Cu 2ϩ -DNA ϩ GSSG 3 Cu 2ϩ -GSSG ϩ DNA [8] Although reaction of the Cu(I) complex with H 2 O 2 might be expected to generate
• OH (Reaction [9] ), Gilbert et al. have suggested that this oxidation occurs primarily without the generation of
• OH (Reaction [10] ) (60) .
Reaction [10] is stoichiometrically equivalent to Reaction [9] being followed (or accompanied) by reduction of
• OH by the bound thiol equivalent, forming OH Ϫ and GS
• ( 1 2 GSSG), the latter of which we have detected as its adduct to DMPO (Fig. 9A) . Therefore, it is apparent that any • OH that is generated will be scavenged by the bound thiol. These reactions are summarized by the reaction cycle shown in the top half of Scheme I, in which Cu(I) is oxidized without the generation of
• OH [see also Gilbert et al. (59) ]. With each turnover of this reaction cycle, GSSG is generated. As the disulfide accumulates, increasing amounts of Cu(II) will be removed from the DNA (Scheme I), as indicated by the gradual appearance of the GSSG-Cu(II) EPR signal (Fig. 8A) . The observation that GSH oxidation continued to occur long after all of the Cu present appeared as Cu(II)-GSSG (compare Figs. 7B and 8A) suggests that Cu remains redox active when complexed to the disulfide. This conclusion is also supported by the EPR studies showing that Cu(I) is formed when GSH is added to Cu(II) in the presence of excess GSSG (not shown).
The stabilization of Cu(I) by GSH is believed to be responsible for the very low rate at which Cu(I) complexed to the thiol is oxidized by H 2 O 2 . Gilbert et al. have suggested that a large, negative entropy of activation underlies the slow reaction rate (59) . We believe that the eventual chelation of Cu(II) by GSSG is an important factor in • OH generation. Although GSH was found to be capable of forming and stabilizing Cu(I) in the presence of excess GSSG, the Cu(I) was not stabilized completely when only 2 equiv of GSH (relative to Cu) were added in the presence of excess disulfide. Moreover, the detection of the GSSG-Cu(II) EPR signal (Fig. 8A ) during the course of GSH oxidation (Fig. 7B) indicates that the metal is not stabilized in the cuprous form when H 2 O 2 is also present. Therefore, we propose that the ability of GSH to suppress Cu(I) oxidation is progressively compromised by the GSSG accumulating in the reaction system, allowing
• OH generation to occur in reactions predominated by the SCHEME I. Summary of reactions proposed to lead to
• OH generation in the DNA-Cu(II)-H 2 O 2 -glutathione system.
RESVERATROL AND Cu-DEPENDENT
• OH FORMATION disulfide-bound metal ion (Scheme I, lower cycle). The inhibition of • OH formation by resveratrol may now be explained in terms of its protection of GSH from oxidation, thereby delaying the transfer of Cu from DNA to GSSG.
It is also important to consider the involvement of the glutathionyl radical (GS • ), which can react with the glutathione anion (GS Ϫ ) to form the highly reducing glutathione disulfide radical anion, GSSG
•Ϫ , which would be expected to undergo immediate reaction with either oxygen or Cu(II), forming superoxide (42, 61) or Cu(I), respectively. Glutathionyl radicals were indeed detected in the Cu(II)-H 2 O 2 -GSH system, as their adduct to the spin-trap DMPO, DMPO/
• SG. The fact that GS
• was not detected in the absence of H 2 O 2 is consistent with the widely held view that GS
• radicals are not generated during the reaction of Cu(II) with GSH. Instead, this finding indicates that GS
• is generated via the reaction of
• OH with GSH (Reaction [11] ), the lower yield of DMPO/
• SG in the presence of resveratrol reflecting the effect of the phenolic on
• OH formation.
We have also shown that the resveratrol phenoxyl radical, generated using the HRP-H 2 O 2 system, can oxidize GSH to GS
• . Therefore, in addition to the direct oxidation of GSH to GS
• by • OH (Reaction [11] ), the oxidation of GSH by the phenoxyl radical following the scavenging of
• OH by resveratrol must be considered. This latter route to GS
• formation could, of course, contribute to the DMPO/
• SG adduct formed under the conditions shown in Fig. 9C . However, the fact that this signal is weaker than that seen in the absence of resveratrol (Fig. 9A) suggests that this indirect route to GS
• is not as efficient as the direct oxidation of GSH by • OH. The resveratrol phenoxyl radical is also expected to be generated following the initial reduction of Cu(II) by the phenolic (see Reaction [3] , above). However, the failure to detect GS
• when resveratrol was added to Cu(II)-DNA in the presence of GSH (but in the absence of H 2 O 2 ) indicates that this is not an important route to GS
• formation, probably because the phenoxyl radical is rapidly oxidized by Cu(II), as reported for other phenolics (62, 63) . Thus, in sparing GSH, the oxidation of resveratrol by Cu(II) and
• OH radicals still results in a net decrease in the rate of GSSG formation.
Important conclusions arise from this study: (i) in addition to confirming that resveratrol can promote Cu-dependent oxidative damage to DNA under simple, nonphysiological conditions (i.e., in the absence of biological reducing agents), we have provided EPR spintrapping evidence for
• OH generation and demonstrated that the spin-trapping system used by Fukuhara and Miyata to eliminate
• OH as the main species responsible for damage is flawed; (ii) crucially, we have demonstrated that resveratrol loses its ability to promote Cu-dependent • OH formation and DNA damage, switching to antioxidant behavior, in the presence of the reducing agents ascorbic acid and GSH; and (iii) as well as displaying classical, radical-scavenging activity in the ascorbate system, resveratrol can suppresses • OH formation via a novel, GSH-sparing mechanism. Finally, although GSSG appears to play an important role in
• OH formation from Cu/GSH/H 2 O 2 mixtures, it should be noted that the disulfide has been shown to protect DNA from Cu-dependent damage (even in Cu-H 2 O 2 -ascorbate systems) via its removal of the metal ion from the nucleic acid (64) .
